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Abstract 

We define a universe as the contents of a spacetime box with comoving walls, 
large enough to contain essentially all phenomena that can be conceivably measured. 
The initial time is taken as the epoch when the lowest CMB modes undergo hori- 
zon crossing, and the final time taken when the wavelengths of CMB photons are 
comparable with the Hubble scale, i.e. with the nominal size of the universe. This 
allows the definition of a local ensemble of similarly constructed universes, using only 
modest extrapolations of the observed behavior of the cosmos. We then assume that 
further out in spacetime, similar universes can be constructed but containing different 
standard model parameters. Within this multiverse ensemble, it is assumed that the 
standard model parameters are strongly correlated with size, i.e. with the value of 
the inverse Hubble parameter at the final time, in a manner as previously suggested. 
This allows an estimate of the range of sizes which allow life as we know it, and in- 
vites a speculation regarding the most natural distribution of sizes. If small sizes are 
favored, this in turn allows some understanding of the hierarchy problems of particle 
physics. Subsequent sections of the paper explore other possible implications. In 
all cases, the approach is as bottoms up and as phenomenological as possible, and 
suggests that theories of the multiverse so constructed may in fact lay some claim of 
being scientific. 



*Work supported in part by Department of Energy contract DE-AC03-76SF00515. 



1 Introduction 



The idea that the universe we see around us is a member of an ensemble of universes 
(the multiverse), the remainder of which are beyond our view, is an old one, But it 
is one under active investigation nowadays. Much of the contemporary motivation 
comes from rather grandiose theoretical conceptualizations. These include, but are 
not limited to, string theory ideology, eternal inflation, and even Everett's many- 
worlds interpretation of quantum mechanics pQ. 

But another motivation comes from the great progress being made in the exper- 
imental investigation of the structure and early history of our own universe, as well 
as the successful establishment of the standard model of particle physics. While the 
accumulation of these data is no doubt the best stimulant, it nevertheless has led to a 
mixing of direct information from the experiments with highly speculative material, 
remote from experimental test. Indeed, there is plenty of skepticism extant as to 
whether the consideration of universes which are causally disconnected from our own 
is science at all. 

The purpose of this note is to make the study of ensembles of universes as data- 
driven as possible. This will entail, first, a specific definition of a universe as the 
contents of a comoving spacetime box, large enough to contain essentially everything 
we can expect to be able to measure (based on the present consensus picture of 
cosmology and particle physics), but still small compared to the extent of the total 
spacetime domain envisaged by the majority of cosmologists and other theorists. This 
allows a credible way of constructing a local ensemble of universes very similar to our 
own. One simply generalizes the construction of our universe to other spacetime 
domains causally disconnected from our own, yet near enough to allow reasonable 
extrapolation of properties of our universe to the remainder of the local ensemble. 

We envisage this construction of our universe in analogy to the establishment of a 
homestead in Kansas by a pioneer family. They would see their spatial environment, 
as we do see our universe, as flatter than a pancake [2], all the way to their prop- 
erty line. And it would be not unreasonable — and in fact even correct — for them to 
envisage other similar homesteads beyond their horizon. Were the family to contain 
a theorist, he or she would in fact probably erroneously conclude that Kansas, and 
hence the number of such homesteads, in fact was infinite in extent [3] . However, far 
beyond Kansas will be found other pieces of fertile terrain, e.g. in the Central Valley 
of California, which also are flatter than a pancake and which bear other similarities 
to, as well as differences from, the Kansas homesteads. 

The local, "Kansas" ensemble of universes we shall consider will be assumed to 
possess a spatially flat FRW metric, with similar initial cosmological boundary con- 
ditions. This ensemble is already phenomenologically of some use, because it can 
be considered as the ensemble implicitly used by inflationary cosmologists in making 
quantum averages of the inflationary perturbation spectra. But more interesting, and 
the focus of this note, are the analogues of the Central Valley homesteads. We take 
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these to be similar to our universe in the sense of again being described by a spatially 
flat FRW metric, with perhaps some also being fertile, i.e. capable of supporting life 
as we know it. The features that we assume can vary from universe to universe will 
include the parameters of the standard model and of cosmology. 

One can generalize much further than this, at the cost of increasing the level of 
speculation 0j. We will stop at this point, however. The reasons are, first, that 
obviously this level is already quite speculative, and second, that the data-driven (as 
well as theoretical!) motivations for considering ensembles of universes can already be 
expressed with specificity at this level of speculation. The main data-driven consider- 
ation is that the values of many standard model parameters seem to be fine-tuned in a 
way to allow our existence in the universe. The existence of an ensemble of universes 
with a variety of standard-model parameters allows an "anthropic" interpretation of 
this property of standard-model data [TJ |H] . And the main theoretical consideration 
comes from string theory, where a variety of string vacuua, with different standard- 
model properties, may easily be envisaged to occur in various causally disconnected 
regions of spacetime j^j. 

These issues can all begin to be addressed in the context of the subensemble of 
universes that we construct, namely those that differ in a rather minimal way from 
our own. It is already of great interest to try to delineate the existence and properties 
of these "nearest-neighbor" universes. And the possibility of erroneous speculation, 
while still huge, is clearly going to be less than dealing (in the absence of data) with a 
more broadly generalized ensemble of universes possessing properties vastly different 
from our own. 

Another analogy to the ensemble of universes is the perhaps familiar one of the 
planets in our own universe. These are already known to come in many varieties, but 
an especially interesting subset of planets consists of those containing life as we know 
it. This "nearest-neighbor" ensemble might consist of only Planet Earth, or it may 
contain a large number [7j. The question of which alternative is correct is not only 
irresistible to ask, but is also undeniably a scientific one. In order to address it in a 
systematic way, one needs to parametrize properties of planets in such a way that one 
can look at the distribution function of those parameters and find the size and location 
of the habitable island in parameter space. The output of such a program could be 
an estimate or bound on the number of planets which can in principle support life as 
we know it. This is in the case of planets a very daunting task, one that will need 
to be data-driven to make progress jS]. If universes as we have defined them have 
a similarly complex parametrization, it will be extremely difficult to make progress, 
simply due to lack of data. It is a serious criticism by those who remain skeptical of 
the utility of multiverse ideology that this problem presents an insuperable barrier to 
scientific consideration of this line of thinking. 

The use of "anthropic" reasoning when dealing with ensembles of universes only 
exacerbates this problem. If the distribution function of standard model parameters, 
taken over the multiverse ensemble, is broad in each of the parameters, and if there 
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is little correlation between the probability of finding the value of one parameter and 
that of another, then the program of finding naturalistic explanations for the values 
of standard model parameters essentially grinds to a halt. The replacement is a 
statement, unsupported by data, that they are determined by historical accident. To 
this author, such an option seems not much more scientific in nature than interpreting 
the values of the standard model parameters via "intelligent design" . 

However, we cannot ourselves impose a decision on how things work at this level. 
If the above option is true, then it may be that the scientific method will never 
have the power to find out the answers to the Big Questions. But, it is not clear 
that the problem of characterizing the ensemble of universes is in fact as difficult as 
characterizing the ensemble of habitable planets. As long as there is an outside chance 
that the problem is simpler and more tractable, there is no reason not to pursue that 
possibility. This optimistic position will in fact be our working assumption. We 
shall assume that many of the standard model parameters are strongly correlated 
with each other, thereby simplifying the nature of the aforementioned distribution 
function. While anthropic reasoning will be utilized, the amount will be limited by 
the above simplistic assumption of the existence of correlations. And the test of 
whether the assumption makes sense will be whether it delivers insight into any of 
the unsolved problems facing particle physics and cosmology. We shall argue on the 
basis of the results that the answer to this is positive. In particular we shall obtain 
a partial understanding of the nature of the hierarchy problems of particle physics: 
why the ratios of many of the standard model parameters are such large numbers. 
We do not claim that the hierarchy problems are thereby solved, but rather that they 
are recast in a different form, one which in turn appears to be able to be attacked by 
scientific methods. 

In the next section, we discuss in detail our definition of a universe, and in Section 
3 provide a concise description of its major properties. In Section 4 we review the 
nature of our assumed correlations of standard model parameters , emphasizing their 
simplicity and cogency, as well as the consequence that the habitable range of sizes is 
limited to within a factor two of the size of our universe. In Section 5, we discuss the 
anthropic implications of this scenario, in particular that if the distribution in sizes 
is peaked at small sizes, there results some understanding of the hierarchy problems 
of particle physics. 

The above material contains the main messages of this paper. The remaining 
sections are spinoff topics even more speculative. Section 6 explores a possible con- 
nection between Bekenstein-Hawking horizon entropy and the vacuum structure of 
QCD. Section 7 explores whether the inflationary phase of our universe might have 
its own set of standard model parameters, correlated with the very large value of the 
Hubble parameter (dark energy) during that epoch. Section 8 raises the question 
of whether the starting time we have used in our construction of the universe may 
contain physics, and represent the actual onset of the inflationary epoch. Section 9 
is devoted to concluding comments. 
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2 The Standard Universe 



We define our universe in rough terms as "what we and our descendants can observe 
in principle, plus a little more" . To be more specific, we need some mild assumptions, 
mild at least in comparison to others which will follow. They include: 

1) The observable universe obeys on large scales the cosmological principle, and 
is described by the FRW metric. 

2) The observable universe is spatially flat. 

3) In the distant future, the universe will reinflate, i.e. be characterized by a non- 
vanishing cosmological constant. We also assume that quintessence is either absent 
or unimportant on the time scales which we consider. 

4) The broad history of our universe is well-described by the "concordance model" : 
an inflationary epoch, followed by "reheating" , the radiation-dominated big bang, and 
subsequent events, as described in standard texts and references 0. 

5) Our preferred inflationary scenarios lie in the category of "hybrid" models [10| . 
In particular we assume that the evolution during the inflationary epoch we con- 
sider is "quasi-deSitter" , with, to good accuracy, a nearly time-independent Hubble 
parameter. 

With these assumptions, we may now map out the spacetime region of the ob- 
servable portion of the universe. To do this we start with the form of the FRW 
metric 

d s 2 = dt 2 - a 2 (t) [de 2 x + Ml + de 2 z ] . (1) 

All the information is codified in the time dependence of the scale factor a(t). Its 
dynamics is determined in a simple way by the Einstein equations, which we write 
down later. But before discussing that we introduce another useful set of coordinates, 
the "conformally flat coordinates". The time t is traded in for "conformal time" rj, 
defined as 

f°° dt , dt 

Therefore the line element in Eq. (JI} becomes 

ds 2 = a 2 (t) [dr] 2 - de 2 x ~ de 2 y ~ d9 z] ■ ( 3 ) 

The great usefulness of this choice is the clarity in seeing the causal connection be- 
tween different spacetime events, since the trajectories of light rays in these coordi- 
nates are straight lines at 45 degrees to the vertical, just as in Minkowski spacetime. 
Therefore the portion of the FRW spacetime which we can see is a past light cone 
emanating from our worldline, which evidently is along the (conformal) time axis. 

Important is the fact, implied in Eq. (J2J), that infinite FRW time maps into a 
finite, maximal conformal time. This occurs because of the existence of dark energy. 
The big-bang power-law growth of a(t) morphs into an exponential growth once the 
dark energy becomes the dominant source term in the Einstein equations, thereby 
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Figure 1: "Conformal" spacetime. The surface marked "holographic screen" is simply 
defined by r = a(i])\6 | = H^ij]). 

providing convergence for the integral in Eq. (j2J). At present, we already are able to 
see a large fraction of the spacetime that any distant descendants of us will be able to 
see. The past lightcone emanating from the t = oo (or 77 = 0) point on our worldline, 
as shown in Fig. ^ provides a natural boundary between what is clearly a part of 
our own universe (as defined in the beginning of this section) and what is arguably 
beyond. This boundary surface is called by Hawking and Ellis [TT| the "future event 
horizon" . 

While we might entertain defining the future event horizon as the boundary of our 
universe, we shall not do so. Instead, we shall define it as the interior of a comoving 
box. This is defined at any particular t or rj as an ordinary box of physical size 
L = 2na(t) on a side, with any point on that box moving along the t or r] axis. This 
means that at sufficiently early times the box will lie inside the future event horizon. 
However our experimental access to extremely early times is both in practice and in 
principle very limited. So we shall also limit the spacetime of our universe to be in 
the future of some initial FRW time. This time is defined, roughly, as the time when, 
say, the dipole component of the cosmic microwave background undergoes "horizon 
crossing", although the exact choice is negotiable. However, at this initial time, we 
shall require that the size of our comoving box be larger than the size of the future 
event horizon. 

Likewise, we shall terminate the universe at a future time, of about one tril- 
lion years. This is a landmark time; the cosmic microwave background radiation is 
redshifted so much that the wavelength of the photons becomes comparable to the 
characteristic size of the universe. Thereafter, all the galaxies except those in our 
local cluster will have receded from view and the visible part of the universe will be 
filled with Hawking radiation of a wavelength typical of the size scale of the universe. 
The "classical" phase of the accelerated, dark-energy driven, deSitter expansion of the 
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universe will terminate and be supplanted by the quantum deSitter expansion, about 
which there is much more theoretical uncertainty and angst. So it seems like a 
good occasion for drawing the line between credible extrapolation and less credible 
speculations. 

The net effect of these constructions is to define a spacetime box, within which lies 
essentially all the phenomenology that we can presently perceive and access, and be- 
yond which exists a huge amount of theoretical and philosophical ideas, unsupported 
by data. The boundaries of the box are artificial, but it is unlikely that boundary 
effects exist that affect the phenomenology within. And the choice of a comoving box 
instead of some other boundary is strongly motivated by practical considerations. The 
graviton and inflaton modes which generate the cosmic microwave background tex- 
ture are most simply described in terms of a mode expansion utilizing comoving-box 
boundary conditions, which we for simplicity take as periodic. 

The contents of the spacetime box which we have constructed is by definition what 
we shall call a universe. Its parametrization, in particular the definition of the initial 
and final time surfaces, as well as choice of spatial size, will be discussed below in more 
detail. But before moving on, it should be emphasized that this definition of universe 
finesses many interesting questions, such as the origin of time, how and when the 
inflationary epoch begins, the ultimate fate of the universe, and the extent in space 
over which the FRW description remains valid. It is not that these questions are 
not important. But they are by definition "outside the box", and therefore relatively 
remote from the issues that are accessible phenomenologically. 



3 Describing the Universe 

The gross properties of our universe are encoded in the properties of the FRW scale 
factor a(t), and in the dependence of other parameters of the universe on that quan- 
tity. We shall first look at these properties in a highly simplified limit, which we 
call "the universe for dummies". In this limit, we disregard the dark and hadronic 
matter content of the universe, and also disregard the difference between the scale of 
inflationary dark energy and the Planck scale. This involves setting various factors 
of up to 10 5 to unity, but will involve keeping remaining factors of 10 30 intact. The 
result is shown in Fig. where on a log-log scale various quantities with dimension 
of distance are plotted against the scale factor, which in turn can be regarded as a 
time variable. These quantities include (1) the Hubble parameter 

H=~ = ^-(Zna) (4) 
a dt v s w 

(2) the magnitude of the characteristic dark energy distance scale /z -1 in the infla- 
tionary and present-day epochs. Here /x 4 is the value of the dark energy density 
term in the standard-model Lagrangian density, related to the Hubble parameter of 
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Figure 2: The "universe for dummies". 
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a dark-energy dominated expansion by 




pi 5 



(5) 



(3) the physical radius of the future event horizon E(t), as discussed in the previous 
section, defined as 



and (4) the physical wavelength of the cosmic microwave background radiation. 

We see from Fig. [2] that the basic architecture is characterized by three epochs of 
cosmic expansion, each characterized by an increase in the FRW scale factor a(t) by 
a factor of about 10 30 . Likewise the ratio of cosmo logical scale to dark energy scale is 
again a factor 10 30 , as is the ratio of dark energy scale to the Planck scale. Evidently 
it is the cosmological constant which establishes this overall architecture. 

We infer from this feature that the parameter most responsible for the gross fea- 
tures of our universe is in fact the cosmological constant. We consequently identify 
the intrinsic size of a universe with the value of its inverse Hubble parameter at late 
times, related to the cosmological constant by Eq. (jSJ). We consider this definition of 
size to be an important characterization, perhaps the most important one, possessed 
by our universe and by other members of the ensemble of universes that we shall 
consider."!" 

We also see from Fig. |2]that the initial time of our universe-in-a-box is naturally 
taken as when the value of the future event horizon is comparable to the value of the 
inverse of the Hubble parameter, and that the final time is naturally taken when the 
CMB wavelength is comparable to the inverse Hubble parameter. 

A more realistic version of our universe is shown in Fig. El We have here included 
the modification of the evolution of the Hubble parameter due to the presence of 
dark matter. We also have parametrized the inflationary epoch more realistically, 
taking the inflationary dark energy scale to be of order the grand unification scale 
of about 10 16 GeV, in rough concordance with the consensus value used by perhaps 
a majority of inflation theorists. This diminishes the Hubble parameter relative to 
the Planck scale by a very significant factor of about 10~ 5 — 10 -6 . We also show in 
Fig. El the size of the inflationary perturbations relevant to phenomenology. One sees 
the "horizon-crossings" , namely the times at which the physical wavelengths of the 
perturbations are comparable to the inverse Hubble scale. It is clear from Fig. El that, 
as promised above, the initial time assumed in the construction of the spacetime box 
is comparable to the time when the lowest CMB multipoles "cross the horizon". In 
fact it is more precisely defined by the requirement that the conformal time interval 
At] during inflation equals the Arj from big-bang ignition to the final time we consider 
(essentially infinite FRW time t) . 

^Note: This definition of size is NOT the same as the scale size of our own universe, proportional 
to a(t). We assume NO standard-model parameter dependence with time t or scale factor a(t) in 
our own universe. (See however, Section 7 for a caveat.) 



E(t) = a(t)\ V \ 



(6) 
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Figure 3: The real universe. 
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Our favorite choice for the size of the spacetime box is shown in Fig. |21 The 
spatial dimension is 2tt larger than the duration of conformal time rj from reheating 
to the end, or from the beginning of inflation to the reheating time. This makes the 
values k of the plane-wave mode expansion for the box in one to-one correspondence 
with the values of I that our descendants at late times would use in analyzing the 
primordial CMB fluctuations. More importantly, this choice of spatial size should be 
large enough to make spurious boundary effects negligible phenomenologically, but 
without a great deal to spare [TU] . 

A major advantage of the description of the evolution of the universe of Fig. El is 
that all the major epochs and distance or energy scales are readily visible in the plot; 
no features are squished into a tiny region. This is not the case in Fig. ^ where almost 
everything interesting is squished into the central line labelled "Big Bang Ignition" 
(reheating), or into the tip of the future-event-horizon light cone. There are only 
two epochs which really show clearly in Fig. ^ One is the present epoch, extending 
from a redshift of two or three in our past, to two or three efoldings of accelerated 
expansion in our future. The other epoch comprises the first few efoldings of inflation 
following the initial time we have specified for our universe. For completeness, we 
provide some mathematical details which further explain the two figures and their 
relationship in Appendix A. 

4 Correlations of Standard Model Parameters 

In the previous section, we argued that the most gross features of our universe, as de- 
termined by experimental cosmology, are characterized by the value of the asymptotic 
Hubble parameter, which is determined by the value of the cosmological constant. We 
assume that all the members of the ensemble of universes that we consider are likewise 
characterized, so that they can be labelled by "size", where "size" is defined by the 
value of the inverse Hubble parameter at late times. 

We now consider the hypothesis discussed in Section 1, that other standard model 
parameters are strongly correlated, and in particular are correlated with this size 
parameter. This idea and a specific proposal of the nature of the correlation has 
already been put forward by us. While the approach is bottoms-up guesswork, we 
believe the hypothesis has a surprisingly natural and credible character, and therefore 
choose to elaborate again on it here. 

The idea proceeds in two main steps. The first has been discussed already: either 
strong correlations exist or they do not. If they do not, then there is the danger that 
the entire set of standard model parameters ends up in an anthropic swamp, and 
predictivity is lost. The alternative requires, to be sure, optimism. But the optimism 
may be necessary to keep the discourse within, or at least reasonably near, the domain 
of observational science. 

The second step is to assume that the standard- mo del vacuum parameters are 
the best candidates for being strongly correlated with the value of the dark energy, 
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which itself is also a vacuum parameter jSJ . After all, in the real theory, as opposed to 
the fragmented version the standard model presents, there is only one vacuum state 
for our universe. And we know by definition that the dark-energy scale appearing 
in the local Lagrangian density of the standard model does vary with the size of the 
universe as we have defined it. This is shown in Fig. H]in a log-log plot, where the 
variation is a straight line heading from the observed scale for our large universe to 
the Planck/GUT scale for very small universes. Our assumption is that, at least 
approximately, the same thing occurs for the QCD vacuum scale Aqcd and the elec- 
troweak scale, represented by the value v of the magnitude of the Higgs condensate. 
The consequences of this assumption are also shown in Fig. EJ It is as if there is 
renormalizat ion-group flow of these parameters, with one and only one fixed point in 
the neighborhood of the Planck/GUT scale. 

It is our experience, based on more than a decade of playing with this idea, that 
this simple hypothesis stands out as much more credible than other versions that one 
might concoct. It leads in particular to a similarly simple behavior for the gauge 
coupling constants, shown in Fig. |SJ Because the strong coupling constant depends 
upon Aqcdj hs behavior with the size of the universe can be determined. Then, 
upon running the QCD coupling up to the GUT scale, the size-dependence of the 
GUT coupling can also be determined. This in turn allows the size-dependence of 
the electroweak couplings to also be determined by running back down from the 
GUT scale to the low energy scales. It is to be emphasized that in doing all this, 
there are no extra assumptions involved — only straightforward computation. And 
the net result, as exhibited in Fig. is simple, interesting, and at an intuitive level 
altogether credible: very small universes have strong standard model interactions, 
while the infinite universe would be trivial, with no interactions remaining. There 
seems to be a faint echo of the holographic hypotheses: existence of interactions in 
the bulk requires the existence of a boundary. 

The details of all this, including what to do with the remaining mass and mixing 
parameters of the standard model, are explored in the previous papers [5]. It is 
not our intention to retread all of this ground here, but only to highlight the main 
consequences of those investigations. In brief, they are that many properties of our 
universe, like the existence of chemistry and of recognizable nuclear forces and nuclear 
matter, are robust and can exist over a broad range of sizes. However, when one 
addresses the issue of the range of sizes over which life as we know it can be expected 
to exist, there are stronger constraints, well known to the anthropic community |13j . 
These constraints are sensitive to small quantities such as the pion to proton mass 
ratio, controlled by the masses of the up and down quarks, quantities which are in the 
several-MeV mass range. The size dependence of such quantities is harder to infer, 
because of the lack of good fundamental theory for those small numbers. But despite 
such uncertainty, it is still the case that there is a rather robust conclusion that can 
be made: the range of sizes over which life as we know it can exist is modest- 
no more than a factor two in either direction away from the size of our universe. 
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;ure 4: Assumed size dependence of standard model vacuum parameters. 
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Figure 5: Size dependence of coupling constants. 



The uncertainty in this estimate is considerable, but arguably less than an order of 
magnitude, And the origin of the most stringent constraint should not be surprising 
to those familiar with anthropic fine-tuning arguments. It is the triple-alpha process 
responsible for synthesis of carbon from helium in the interior of stars. There is a 
crucial resonance in carbon, with properties predicted in advance of its discovery. In 
particular the resonance has an excitation energy which is precisely what is needed to 
make the process go at the requisite rate, and which in our context has dependence 
on the ratio of pion to proton mass [31 114j. 



5 Implications of the Scaling Hypothesis for the 
Hierarchy Problems 

If the scaling hypothesis we have made were to deliver no insight into basic unsolved 
problems, it could well be argued that the above exercise is doomed to be inconsequen- 
tial speculation. However, as we have already mentioned in the introduction, there 
are interesting implications for the hierarchy problems present in particle physics. 
The most quoted hierarchy problem is the disparity between the electroweak and 
Planck/GUT scales. But there are others, such as the small ratio of, say, the elec- 
tron mass to the top quark mass. And of course the small value of the cosmological 
constant is another. 
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From the results of the previous section, these large numbers can be "understood" . 
Inspection of Fig. 0] shows that small universes, with sizes of order the GUT scale or 
smaller, do not have much if any hierarchy problem. Small universes are nontrivial, 
rather strongly coupled systems, and may well be much more commonplace than big 
universes. Indeed, if one tries to visualize the distribution in sizes of the universes 
comprising the ensemble we consider, and makes the rather weak assumption that 
the integral over sizes converges, then it seems natural to make the most probable 
size small, rather than large. Our own preference, based on intuition alone, is that 
the distribution be approximately power-law: 

„dN (R min y 

R dR~ pN ™l-ir) ■ (7) 

Anthropic reasoning would suggest that the total number of universes in this distri- 
bution which are at least as large as our own should be large in comparison to unity. 
This means that if 

Rmin ~ ^planck > (8) 

then the total number of universes in the ensemble should exceed 

iV tot ~ 10 60 " . (9) 

This is large, but not off scale in comparison to other numbers which appear in 
cosmology, as long as p has a reasonable value. Under these circumstances, habitable 
universes are rare, but not so rare as to be improbable. 

Now let us return to the issue of the hierarchy problem. We have seen, given 
any size distribution which is qualitatively like the above example, that the typical, 
small universe has no hierarchy problem. Our universe is atypically large, and must 
be so because of the anthropic constraint that it be capable of supporting life as we 
know it. And because of the scaling of parameters, this implies that the hierarchies 
naturally exist in our universe. Again, we emphasize that this argument addresses 
all the hierarchies that are observed, not only the electroweak one, provided small 
parameters like electron and quark masses also flow to the Planck/GUT fixed point 
(not necessarily in a straight-line manner) for universes of small size. Of course, as 
mentioned in the introduction, this argument cannot really be regarded as a definitive 
solution to the hierarchy problems because it is contingent on the scaling hypothesis, 
which remains to be explained. But we do see that the problem has been recast. It 
is often the case in science that the recasting of a problem in different terms can be 
a key to its solution. So there is good reason to pursue further the consequences of 
what has been suggested above. 

The restatement of the hierarchy problem is that the rationale for the behavior 
exhibited in Fig. 0] must be understood. Inspection of the figure shows that (by 
definition), the scaling behavior of the dark-energy scale is 

H(R) ~ R~ 1/2 (10) 
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while, to good accuracy, the behavior for the QCD scale is 

A QCD (i?) ~ R- 1/3 • (11) 

The behavior for the electroweak scale is, to somewhat lesser accuracy, 

v(R) ~ R- l/i . (12) 

Therefore the recasting of the hierarchy problem reduces to the understanding of 
the origin of the "critical exponents" of 1/3 for QCD and of 1/4 for the electroweak 
theory. The large numbers are gone, but mystery remains. In the next section we 
shall explore a possible attack on the QCD exponent of 1/3. We have nothing useful 
to say here, however, about the electroweak 1/4 [To] . 



6 The Critical Exponent of QCD 

The observation that the QCD scale is a factor 20/60 = 1/3 of the way (on a loga- 
rithmic scale) between the Planck scale of 10~ 33 cm and the cosmological scale of 10 28 
cm goes back 35 years to Zeldovich and has been occasionally rediscovered since 
then We here approach the problem from a perhaps surprising starting point, 
namely the thermodynamic description of horizons in general relativity. The starting 
point lies in work of Padmanabhan ^H] , who has found a simple connection between 
the structure of the Einstein-Hilbert Lagrangian and the thermodynamic description 
of horizons a la Bekenstein and Hawking. 

Padmanabhan begins by considering metrics of Schwarzschild type: 

ds 2 = [l- u(r)] 2 dt 2 + [1 - u(r)]~ 2 dr 2 + r 2 d6 2 + r 2 sin 6 d(f) 2 (13) 



and finds that the Lagrangian L, as a functional of u, is a perfect derivative 



167r Jo 4 Jo or 



2 du 

r — 2ru 

dr 



(14) 



If one evaluates the resulting surface integral at a horizon R, where u(R) = 1, and 
where the surface gravity at the horizon 

u'(R) = 4ttT (15) 

can be identified with the Bekenstein-Hawking temperature T as indicated, one finds 



1 i 

4 



L = -(4nR 2 M 2 l T) - -M 2 l R = TS - M . (16) 



We see that the two terms can be identified as the entropy term and energy, or mass, 
term respectively in the "first law of black-hole thermodynamics" , with the correct 
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numerical coefficients JH]- This can be no accident, and undoubtedly there is much 
more to be understood here. Here we will only pursue one general consequence of 
Padmanabhan's construction. Let us apply it to static deSitter space, which in fact 
is the spacetime appropriate to our cosmological future. In that case 

u = ^ = HV . (17) 

We see from Eq. ([14)1 that the Bekenstein-Hawking entropy term, just like the ac- 
companying energy or mass term, is cast as an integral over a constant density. This 
is somewhat surprising, since typical intuition regarding horizon entropy suggests a 
visualization where the entropy is contributed by a summation over bits of informa- 
tion residing on the horizon surface, of order one bit per Planck area, rather than a 
summation of bits within the bulk volume. What is instead suggested is that there are 
also bits in the bulk, in one-to-one correspondence with the bits on the surface. So it 
is suggestive to identify each bit residing in the bulk with a bit residing on the surface 
by connecting them with a "string". With this construction we arrive at a picture 
that the objects to be counted in building up the Bekenstein-Hawking entropy are the 
strings themselves, including possible structures at the ends. In this way there is no 
contradiction between the two ways of viewing the origin of the entropy. Evidently a 
topological origin of this structure is suggested. The string might be a Dirac string, or 
alternatively some kind of vortex structure containing physical, as opposed to gauge, 
degrees of freedom. The end of the string residing at the horizon will find itself in 
an ultraviolet regime, so that its internal structure may reflect GUT symmetry such 
as SU(5), while its extension into the bulk may undergo GUT symmetry breaking, 
leaving a net QCD structure behind. 

The connection with the QCD scaling exponent comes from estimating the density 
of the entropy in the bulk. It is simply 

S \(AnR 2 )M 2 pl 3M 2 pl 

s = v= =^T- ( 18 ) 

Using 

lim H(t) = H = 0.7 x 1(T 10 yr" 1 (19) 

t-~ »oo 

we obtain 

s = (0.3 fm- 1 ) 3 ~ (Aqcd/3) 3 (20) 

which is quite close to the observed vacuum scale of QCD. Note that the dependence 
of the entropy density on the size of the universe in Eq. (|18jl , here represented by the 
radius R = H~ l of the deSitter horizon, does agree with the QCD scaling exponent of 
1/3. It is also interesting that the energy per bit e is simply the Bekenstein-Hawking 
temperature: 

Ml 
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Again, we have not solved our problems, but recast them in a different form. It 
is now rephrased as an exercise in understanding how nonperturbative structures of 
the QCD vacuum can be identified with vacuum structures in cosmology, in par- 
ticular structures associated with cosmological horizons. We do not offer any clear 
answer here. Our preferred hypothesis is that the entropy is to be identified with the 
"topological charge" N of the wave functional of the QCD vacuum. 

Recall that the CP violating term in the QCD action 

f L dt = J— [ d A xE ■ B = 9 [ d 4 x^ = 9 [ dt^- (22) 
J 24vr 2 i J dx^ J dt y ' 

is expressible in terms of the time derivative of the "topological charge" N 

N = J d 3 x K (x,t) (23) 

which is the quantity canonically conjugate to the 9 parameter of QCD. If iV indeed 
has a huge expectation value, 

(iV) ~ 10 120 (24) 

then all the instanton-induced transitions throughout the history of the universe will 
not be enough to change it significantly. To see this assume one transition per cubic 
fermi per fermi of time. It follows that 

(AN) 2 ~ (10 28 cm/i(T 13 cm) 3 x (10 10 yr/i(T 23 S ec) ~ 10 160 < (N) 2 . (25) 

The large value of iV allows both it and its canonically conjugate 9 to be considered 
as classical variables. This in turn may eventually shed some light on the strong CP 
problem. But further investigation in this direction is beyond the scope of this note. 

In any case, the bottom line of this discussion is that the vacuum structure of 
QCD may be strongly linked to the large scale structures in cosmology, in particular 
horizon structures. In the context of string-theory investigations such as AdS/CFT 
and its ramifications, this may not be too surprising a conclusion. 



7 The Inflationary Universe as a Separate Uni- 
verse 

We now turn to another possible ramification of the scaling idea, one which may 
have too many, instead of too few experimental consequences. We have thus far 
defined a universe by its size, as determined by the value of the dark energy (or 
equivalently Hubble) scale at late times. However in our own universe the inflationary 
epoch contains a different, much larger dark-energy (and Hubble) scale than at late 
times. Might it not therefore be appropriate to subdivide our universe into two 
distinct universes? The inflationary universe would be characterized not only by 
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a different dark-energy scale than the subsequent big-bang universe, but also by 
different standard model parameters. Indeed, examination of Fig. 0] shows that for 
universes of size 10 5 or 10 6 times larger than the Planck size, the QCD scale and the 
electroweak scale are in the neighborhood of the GUT scale — if anything on the high 
side. So a credible and simple candidate scenario is that for this small inflationary 
universe the electroweak and QCD interactions are in fact already unified, and that 
the scale of their vacuum parameters might be appropriate for identification with the 
inflationary dark energy scale itself! What has to happen at the end of inflation, 
the so-called "reheating" period, is in this picture quite profound — a real change 
of vacuum phase, complete with a new set of standard model parameters and with 
possibly a new, distinct pattern of symmetry breaking. And as we shall mention at 
the end of this section, the nature of the reheating transition from the inflationary 
universe to the big-bang universe might be even more profound, involving the basic 
structure of quantum theory itself. 

However, before considering such things, we can reverse the procedure and con- 
sider the role of the inflaton field, both in the small, inflationary universe, where it 
plays its traditional role, and in the late, big-bang universe, where the parameter 
scaling will lead to a different role. There are a large variety of inflaton models to 
consider. But in this brief introductory exploration of issues, we restrict our atten- 
tion to a typical hybrid-inflation model in order to get an idea of what is involved. 
The inflaton potential is taken to be of a small scale, much less than what accounts 
for the bulk of the inflationary dark energy. The form we take is "natural", i.e. 
pseudo-Goldstone: 

V{(f>) ~m 4 cos(0/F) . (26) 

How this choice is fit to data on cosmic microwave background fluctuations is a 
straightforward application of standard inflation theory. The result is that the typical 
magnitude of the inflaton field is of order F in the above equation, with F naturally 
taken to be of order the GUT scale. Then the magnitude of the inflaton "dark- 
energy" scale m, determined by the strength of the inflaton potential, must be two 
to three factors of ten smaller, in order to account correctly for the small size of the 
primordial perturbations. If we then extrapolate this potential back to our universe 
using the appropriate scaling law, as shown in Fig. 13 we see that the strength of 
the potential for our universe is extraordinarily small — the scale of the inflaton dark 
energy will be 40 or 50 powers of ten smaller than the Planck scale (Fig. |7j). We know 
of no candidate beyond-the-standard-model field which might be identified with this 
inflaton. 

This kind of exercise can be repeated for the whole array of inflaton models, 
although no attempt will be made here to do so. We only emphasize that there are 
possible observational implications for these exercises. 

Before leaving this section, we will elaborate on the comment made above regard- 
ing the possibility that foundations of quantum mechanics might become involved in 
this two-universe scenario. The reason originates in the observation, made already 



19 



20 r 




Figure 6: Size dependence of vacuum parameters for small universes. 
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Figure 7: Size dependence of vacuum parameters with conjectured inflaton dark 
energy scale included. 
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in earlier references jS], that the scaling behavior of the couplings with size that we 
have described can be recast as an overall rescaling of the standard-model Lagrangian 
density. In brief, this occurs as follows. Write the Lagrangian schematically as follows: 

C = F 2 +^(d- eA)i) + 0(<9 - eAfcj) + etfipcj) + A0 4 + m 2 2 . (27) 

The terms, in order of appearance, represent (1) the gauge field kinetic energies, (2) 
the quark and lepton kinetic energies, (3) the Higgs-field kinetic energies, (4) the 
Higgs Yukawa couplings, (5) the quartic Higgs self-couplings, and (6) the Higgs mass 
term. The quantity e represents any of the gauge or Higgs Yukawa couplings, all 
of which are assumed to have the property that e~ 2 scales logarithmically with the 
size of the universe, in accordance with the behavior shown in Fig. |SJ The natural 
assumption that this behavior will also be true for A -1 , the inverse of the quartic 
Higgs coupling, has also been made. Then under the field redefinitions 

eA -»• A e4>->4> eifj -> ip (28) 

we see that, except for the Higgs mass term, the dependence on scale factors out, 
with an overall factor e~ 2 multiplying the Lagrangian density. Its scale dependence 
is simply 

£ ~ e~ 2 £ ~ (log-R)A) . (29) 
But this is tantamount to a scale dependence of the Planck constant, 

ft- (log i?)- 1 (30) 

because its inverse is also an overall multiplier of the action. With this interpretation, 
the Planck constant is (logarithmically) large for small universes and small for large 
universes. 

We do not know whether the above feature should be regarded as a mere curios- 
ity or as an indication that there is something in the structure of quantum theory 
that is connected to the large-scale geometry of the universe. Were the latter to be 
the case, then the big-bang ignition, or "reheating" , transition from the inflationary 
universe to the radiation-dominated universe would be of paramount importance to 
fully understand. Within that dynamics would lie some of the deepest secrets of the 
theory that could possibly be revealed to us, because in that transition the value of 
the Planck constant, as well as the values of the vacuum parameters of the theory, 
would change discontinuously. It would also be imperative in that scenario to en- 
tertain the possibility of the Planck scale and/or the speed of light also to abruptly 
change during big-bang ignition. 

8 The Beginning of Inflation 

In Section 2 we used Fig. ^describing the "universe for dummies" as evidence that its 
global spacetime architecture was controlled by one large number of order 10 30 , the 
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ratio of dark energy scale to Planck scale. One of the curiosities of that point of view 
is that the inflationary epoch, characterized by large energy and small distance scales, 
when initiated at the initial time we chose, is also characterized by the same number, 
even though the small dark energy we observe today has not yet entered the picture. 
It is arguable that this situation was created by construction. We demanded that the 
starting time chosen for evolution of our universe be identified, at least approximately, 
with the time at which the size of the future event horizon is comparable to the inverse 
Hubble scale. But the future event horizon was constructed with knowledge of the 
properties of the universe at future times, times when the cosmological constant is in 
fact present. 

Nevertheless, whatever one's point of view, there remains the problem of how the 
universe during inflation, where only large energy scales and small distances dominate, 
manages to evolve during the big-bang ignition phase into a universe containing the 
tiny present-day cosmological constant. It would seem that the curiosity described in 
the preceding paragraph might present a clue. One element of that clue will be the 
assumption that inflation really does commence at the landmark time which we have 
chosen as the starting time of our universe-in-a-box. And the idea that we pursue is 
that at this initial time there is not only dark energy present but also radiation, and 
perhaps ordinary matter as well, with comparable energy densities. In other words, 
the initial state of the inflationary phase is qualitatively not so different from the 
state of the universe right now. And we must remember that the universe now is also 
about to enter an inflationary phase. 

The evolution of the "universe for dummies" from this starting point is then 
straightforward: the dark energy almost immediately dominates the Hubble param- 
eter, and the radiation energy density diminishes as a -4 , while the matter energy 
density diminishes as a~ 3 . The logarithm of these energy densities are plotted in Fig. 
IH1 versus the logarithm of the scale factor. This plot is essentially the same as Fig. 0] 
turned on its side, because energy densities are related to the Hubble scale in a direct 
way through the FRW equation. 

We see that if the radiation component we have introduced is assumed to condense 
into dark energy at the end of inflation, then the magnitude of the dark energy comes 
out correctly. The fate of the matter component is also interesting. If it also condenses 
into dark energy at the end of inflation, there will be far too much of it nowadays. To 
account approximately for the amount of dark matter present nowadays, this dark 
energy must melt into "matter" when the Hubble parameter is 40 powers of ten larger 
than the Planck scale, corresponding to the cosmic background temperature being 20 
powers of ten less than the Planck temperature. But this is just the temperature scale 
to be associated with QCD. And the behavior of this dark energy conversion is just 
what happens if dark matter is composed of axions. At the beginning of the big bang 
the axions behave as a condensate, but in the neighborhood of the QCD transition the 
condensate undergoes quantum fluctuations, and thereafter those fluctuations behave 
as a nonrelativistic noninteracting gas in thermal equilibrium. 
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Figure 8: Conjectured evolution of energy densities in the "universe for dummies" . 

While this scenario has a certain tidiness, and might provide a glimpse into the 
prehistory of the evolution of both the dark matter and dark energy seen nowadays, 
it is an idealized one, constructed in the context of the "universe for dummies" . It 
then becomes a serious and very interesting issue as to whether the scenario can 
remain viable when all the real life complications and details present in our universe 
are restored. This is very much a numbers game, and a very interesting one to play. 
The net result is that the scenario without the dark-matter component appears to be 
quite robust (Fig. (HJ). But the inclusion of the dark matter into the game is not as 
easy. It seems to require an assumption that the transition from the end of inflation 
to the beginning of radiation-dominated big bang is not instantaneous. The duration 
of this "reheating" epoch should allow the scale factor a(t) to increase by a factor of 
order a thousand. This is illustrated in Fig. 

The above scenarios suggest a kind of self-similarity in the evolution of the uni- 
verse: the beginning of inflation is analogous to the present epoch, when dark energy 
begins to dominate over matter and radiation. And our future might be similar to the 
inflationary epoch, perhaps terminated by another abrupt transition to a big-bang 
universe containing an even smaller cosmological constant. And there might be an 
epoch prior to what we have called the beginning of inflation, again of big-bang char- 
acter, and taking one back to a truly Planckian origin. It might also be interesting 
to try to combine this scenario with the ideas of the preceding section, where each 
such epoch is not only self-similar but also possesses a different set of standard model 
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Figure 9: Conjectured evolution of energy densities for the real universe, without 
consideration of dark matter. 

parameters. However, the combining of the speculations in this section with those in 
the previous section may not be mandatory. 



9 Concluding Remarks 

One of the main purposes of this paper has been to cast multiverse ideology in as 
bottoms-up, phenomenologically driven a way as possible. This is expedited by the 
definition, by construction, of a universe which is big enough to contain essentially 
all of presently conceivable phenomenology, but small enough to exclude most of 
the commonplace and extravagant theoretical speculations enveloping the subject. 
The experimental accuracy of the cosmological principle, within the portion of the 
universe that we have observed, then allows a very credible extrapolation to relatively 
nearby regions of spacetime, where an ensemble of such universes can be similarly 
constructed. 

Going only this far seems to us a quite conservative procedure, at least by contem- 
porary standards of theoretical cosmology. More interesting is the next step, which 
posits that the ensemble can be generalized to include more distant members, of 
similar FRW spacetime structure. But these members are assumed to have different 
standard model parameters, in particular different cosmological constants. In the con- 
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Figure 10: Conjectured evolution of energy densities for the real universe, with an 
attempted incorporation of dark energy. 
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text of present activity in string theory, this step is also not very radical. However, 
acceptance of this step then invites introduction of anthropic reasoning, especially 
with respect to the role of the cosmological constant as an anthropically determined 
parameter. 

At this point the level of controversy increases, because as soon as anthropic 
arguments are introduced, it is hard to determine when to stop. If the cosmological 
constant is determined only anthropically, what about all the other standard model 
parameters? Do they not also serve as labels for the gigantic number of vacuua in 
the string theory landscape? And if they are all anthropically determined, where 
does that leave, say, the future program of particle physics? The original dreams of 
a final theory, as visualized two decades ago [20J, lay at the opposite extreme, with 
specific and naturalistic explanations of those parameters expected to be provided by 
the future theory. Instead they may be only constrained by the fact that we exist in 
the universe to observe them [Sl- 
it is not for us to dictate the answer. Maybe all the parameters are anthropic, in 
which case the scientific method becomes relatively impotent. Maybe none of them 
are, despite the evidence of fine-tuning of parameters which has been uncovered and 
studied by the anthropic community over the last fifty years |13j . And maybe the 
answer lies in between the extremes. 

It is this latter hypothesis which we have chosen in this paper. It is implemented 
by the presumption that, within the ensemble of universes we have constructed, at 
least the principal parameters of the standard model are strongly correlated with the 
value of the cosmological constant. We have also proposed a specific form of the 
correlation. This last step has been greeted with much skepticism, most often in a 
completely dismissive way. Perhaps this occurs because of the lack of any overarching 
theoretical ideology to motivate the scaling hypothesis. In defense, we argue from 
experience in searching for alternatives that the scaling hypothesis stands out in its 
simplicity and robustness [21J. Dreamers of final theories would naturally expect 
most standard model parameters to be correlated with each other, because a good 
theory should have very few independent parameters. But it is a priori unlikely that 
the correlations take a simple form, so simple that the right answer can be correctly 
guessed. We work from a naive sense of optimism at this point, but are rather 
convinced that if there is a simple form of the correlation, the proposed correlation 
is likely to be, at the least, very similar to the correct one. 

Support for this point of view comes from the output, which provides some under- 
standing of the hierarchy problems of particle physics. As we discussed, the hierarchy 
problem is traded in for the problem of understanding certain "critical exponents" 
such as 1/3 for QCD and 1/4 for the electroweak sector. An attempt at understanding 
the 1/3 of QCD was sketched in Section 6. 

Here we only point out that that attempt, along with other spinoff ideas in the 
subsequent two sections, are not at all abstract. They deal with the understanding of 
very real issues existing within our own universe, such as the structure of the QCD 
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vacuum, and the nature of the big-bang ignition ("reheating") epoch of our universe. 
It is evidence that consideration of multiple universes may conceivably help, at a 
quite phenomenological level, in uncovering the nature of physical processes in our 
own universe. 
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Appendix A: Cosmology 101 

We here record equations used in constructing the figures in the text. We do assume 
familiarity with the physics of big-bang cosmology, as described in standard texts. 
The FRW equation is 

= (A.1) 
with p{t) the energy density of sources, and the Hubble expansion parameter 

H(t) = ^ . (A.2) 
a(t) 

The equation of state of the source of energy must be specified. Generically, one 
writes 

p = ujp (A. 3) 

with uj — 0, |, and —1 for matter, radiation, and dark energy, respectively. Then 
energy-momentum conservation demands 

d(pa 3 ) = -pd(a 3 ) . (A.4) 

Solution of these equations for the scale factor yields 

a / 2 Radiation 
a(t) ~ { t 2/3 Matter (A.5) 
e Ht Dark energy 



The behavior of H versus a is then 

if (a) ~ < 



a 2 Radiation 

a' 3 / 2 Matter . (A.6) 

constant Dark energy 
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These results are readily checked by substitution in Eqs. (|A.1|) and (|A.2j) . In Fig. |U 
we assume abrupt transitions between the various epochs shown. At the transitions 
both H and a must be continuous. From the equation of state for radiation we readily 
deduce that the mean wavenumber k of photons in the cosmic microwave background 
scales as 

k ~ a' 1 , (A.7) 

whether or not the photons are in thermal equilibrium. When thermal equilibrium 
applies, evidently A; is a measure of temperature. 

One important simplification we have made occurs in the radiation-dominated 
epoch. The equation of state is, expressed in terms of temperature, 

p = g(T)T 4 (A.8) 

and the density of states factor g(T) decreases by more than an order of magnitude 
during expansion. This changes slightly the plotted curves. But on the scale shown, 
it is scarcely noticeable. 

In the deSitter epoch in our future, Eq. (JHJ) for the future event horizon simplifies 

to 

E{t) = H- 1 , (A.9) 
while in the matter and radiation-dominated eras, 

E(t)^a(t) = a (t) Vo . (A.IO) 

Jo a(r) 

In that epoch, the slope of the curve for log E(t) versus logo is +1, as shown in Figs. 
El and El 
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